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egl-13 encodes a Sox domain protein that is required for proper uterine seam cell development in Caenorhabditis elegans. We demonstrate that
mutations of the C2H2 zinc fingers encoded by the him-8 (high incidence of males) gene partially suppress the egg-laying and connection-of-
gonad morphology defects caused by incompletely penetrant alleles of egl-13. him-8 alleles have previously characterized recessive effects on
recombination and segregation of the X chromosome during meiosis due to failure of X chromosome homolog pairing and subsequent synapsis.
However, we show that him-8 alleles are semi-dominant suppressors of egl-13, and the semi-dominant effect is due to haplo-insufficiency of the
him-8 locus. Thus, we conclude that the wild-type him-8 gene product acts antagonistically to EGL-13. Null alleles of egl-13 cannot be
suppressed, suggesting that this antagonistic interaction most likely occurs either upstream of or in parallel with EGL-13. Moreover, we conclude
that suppression of egl-13 is due to a meiosis-independent function of him-8 because suppression is observed in mutants that have severely
reduced meiotic germ cell populations and suppression does not depend on the function of him-8 in the maternal germ line. We also show that the
chromosomal context of egl-13 seems important in the him-8 suppression mechanism. Interactions between these genes can give insight into
function of Sox family members, which are important in many aspects of metazoan development, and into functions of him-8 outside of meiosis.
© 2006 Elsevier Inc. All rights reserved.Keywords: egl-13; Sox; him-8; C. elegans; Uterus; C2H2 zinc finger; Development; Egl; CogIntroduction
In order for cells to execute the developmental programs
needed to form the higher-order structure of tissues and organs, a
regulated system of cell fate specification, maintenance and
differentiation is required. One model for investigating such
regulatory events is the development of the vulva and the uterus
in the nematodeCaenorhabditis elegans. In this system, a central
gonadal cell, the anchor cell, helps to coordinate vulval and
uterine development by signaling to adjacent ventral uterine cells
and underlying vulval precursor cells to adopt their respective
cell fates (Delattre and Felix, 1999; Hill and Sternberg, 1992;
Newman et al., 1995). The anchor cell induces six nearby ventral
uterine cells to adopt a π cell fate. The π cells undergo a single
round of asymmetric cell division in the dorsal–ventral plane to⁎ Corresponding author. Fax: +1 814 863 7024.
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doi:10.1016/j.ydbio.2006.02.010produce twelve π progeny. In contrast, ventral uterine cells that
are not induced adopt the default ρ fate and undergo two rounds
of division in the anterior–posterior or left–right plane prior to
differentiation (Newman et al., 1995). Eight of the twelve π
progeny fuse to form the uterine seam cell and four differentiate
as uv1 cells (Newman et al., 1995). The uterine seam cell
subsequently fuses with the anchor cell and forms a thin laminar
structure at the apex of the vulva (see Fig. 1A). The fusion event
is required to clear the anchor cell from the apex of the vulva and
allow for the passage of eggs into the vulva during egg-laying.
Improper specification or maintenance of the uterine seam
cell fate can prevent fusion of the anchor cell to the uterine seam
cell. When this fusion fails, no connection between the vulval
and uterine lumens is formed, which is referred to as a
connection-of-gonad (Cog) defect (Cinar et al., 2003; Hanna-
Rose and Han, 1999; Newman et al., 1999). We isolated
multiple alleles of the gene egl-13 (previously known as cog-2)
in screens for Cog mutants (Hanna-Rose and Han, 1999). egl-13
Fig. 1. him-8(e1489) restores the morphology defect of egl-13 mutants. Differential interference contrast photomicrographs of the mid to late L4 stage ventral uterus
and vulva. (A) N2 wild type. The anchor cell (AC) has fused with the thin uterine seam cell (utse), indicated by arrow. U, uterus; V, vulva. (B) egl-13(ku207). A thin
laminar utse is not observed, and the AC (arrowhead) at the apex of the vulva has not fused with the utse. (C) Suppressed him-8(e1489);egl-13(ku207) animals exhibit
restored AC-utse fusion. For panels B and C, see Fig. 2 for quantification of this rescued morphology. (D) Suppressed glp-1(q46) unc-32(e189); him-8(e1489); egl-13
(ku207) animals exhibit restored AC-utse fusion. See Fig. 5 for quantification of this rescued morphology.
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the absence of egl-13, the putative π cells undergo a normal
dorsal–ventral division, and they express π lineage markers
including lin-11∷GFP and egl-13∷GFP as in wild type
(Hanna-Rose and Han, 1999). Additionally, the four uv1 cells
differentiate as expected (L. Huang and W. Hanna-Rose,
unpublished), all suggesting that π fate specification is not
perturbed. However, a subset of the remaining eight nuclei
undergoes an extra round of cell division, characteristic of the
uninduced ρ fate and the uterine seam cell subsequently fails to
fuse to the anchor cell resulting in a Cog defect and suggesting
that uterine seam cell fate is not maintained or fully executed
(Cinar et al., 2003; Hanna-Rose and Han, 1999). Similarly, in
lin-11 mutants, although the putative π precursors express
markers characteristic of the π fate (Newman et al., 1999, L.
Huang and W. Hanna-Rose, unpublished), some divide as if
adopting a ρ fate (Newman et al., 1999). Mutations in lin-11,
which encodes a LIM domain transcription factor (Freyd et al.,
1990), cause a more severe defect than mutations in egl-13 in
that neither the uv1 (L. Huang and W. Hanna-Rose, unpub-
lished) nor the uterine seam cell subsequently differentiates
properly (Newman et al., 1999), resulting in failure of the
anchor cell and uterine seam cell to fuse and a Cog defect.
EGL-13 is a Sox domain (SRY-related HMG box) protein
(Hanna-Rose and Han, 1999). Sox proteins can bind to DNA in
the minor groove and induce a severe bend in the DNA target
(Connor et al., 1994), perhaps promoting the ability of other
transcriptional regulators to bind the target DNA or interact with
one another once bound. Sox proteins are found throughout
metazoa and have been classified into groups labeled A–Jaccording to HMGbox homology (Bowles et al., 2000; Prior and
Walter, 1996). egl-13 is the only group D Sox gene in the C.
elegans genome. The group D Sox proteins Sox5 and Sox6 are
the mammalian proteins most related to EGL-13. Murine Sox5
and Sox6 have well-studied roles in notochord formation and
chondrogenesis (Smits and Lefebvre, 2003; Smits et al., 2001,
2004). The elucidation of other factors that function in concert
with EGL-13 in the process of uterine seam cell maintenance
will give us insight into Sox factor function at Sox targets,
transcriptional regulation of Sox genes, potential Sox binding
partners, and how the maintenance of cell fate in general is
controlled.
Here we show that one such interacting factor is the gene
him-8 (Hodgkin et al., 1979; Phillips et al., 2005). Sexual fate in
C. elegans is determined by chromosome complement; the
presence of two X chromosomes specifies the hermaphrodite
fate, while a single X chromosome specifies male fate.
Mutations of him-8 lead to defects in meiotic disjunction of
the X chromosome during hermaphrodite meiosis, resulting in a
high proportion of gametes that lack an X chromosome and a
high incidence of male self-progeny (Him phenotype) (Brover-
man and Meneely, 1994; Hodgkin et al., 1979). him-8 encodes a
C2H2 zinc finger protein which binds specifically to the X
chromosome during meiosis, localizes near the nuclear
envelope, stabilizes pairing of the X chromosomes, and
promotes synapsis of the X chromosomes (Phillips et al.,
2005). In this study, we identify him-8 as a suppressor of egl-13.
We characterize suppression due to mutations in him-8 and
demonstrate a role for him-8 function during tissue morpho-
genesis as opposed to its previously defined role in meiosis.
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Maintenance and culture of C. elegans
All C. elegans strains, unless otherwise stated, were grown at 20°, according
to common procedures (Brenner, 1974). Wild type (N2) is designated +/+. We
used the following mutant alleles and transgenes (chromosome in bold):
Linkage Group (LG) X: egl-13(ku207), egl-13(ku241), egl-13(ku194),
egl-13(n483), lon-2(e678), unc-6(e78) LG V: him-5(e1490), kuIs29[egl-
13∷gfp transcriptional fusion] (Hanna-Rose and Han, 1999), mIs10[myo-
2∷gfp, pes-10∷gfp, gut∷gfp] LG IV: kuIs27[egl-13∷gfp translational
fusion] (Hanna-Rose and Han, 1999), him-8(e1489), him-8(mn253), him-8
(tm611), him-8(me4), him-6(ok412), let-51(s41), unc-22(s7), dpy-20(e1282),
unc-24(e138), sDf2, mIs11[myo-2∷gfp, pes-10∷gfp, gut∷gfp] LG III: him-
10(e1511), him-3(e1256), unc-119(ed3), ruIs38 [unc-119(+), partial myo-
2∷GFP] (Praitis et al., 2001), glp-1(q46), unc-32(e189), unc-36(e873) LG
II: none, LG I: him-1(e879). Additional allele information is available at
http://www.wormbase.org.
RNAi
Using primers flanking the coding region, we amplified 1.4 kbp from
egl-13 cDNA. The primers incorporated the restriction sites for XmaI and
ApaI (sequence in bold) to either end of the egl-13 amplicon for cloning
purposes.
egl-13 + XmaI forward primer
5′ GCCCCGGGATGAGCCGTAGACGAAAAGCG 3′
egl-13 + ApaI reverse primer
5′ GCGGGCCCTTATTCAGCTGTTTGTAGG 3′
We digested and ligated pPD129.36 (A. Fire, S. Xu, J. Ahnn, and G.
Seydoux, personal communication) and the PCR product to form the egl-13
RNAi feeding vector pBLN2. pBLN2 and a control vector, pLT61.1, were
separately transformed into the E. coli strain HT115. Cultures were spotted onto
M9 minimal media plates with 0.02% lactose to create an RNAi feeding source
(Timmons et al., 2001). Animals of the following genotypes were grown on both
types of RNAi-feeding plates: wild type (N2), rrf-3(pk1426), and him-8(e1489);
egl-13(ku207).
Scoring of egg-laying ability
We placed individual L4 or younger animals on culture plates and scored
them Egl+ if we saw any deposited eggs on the plate within 2 days after they
reached adulthood. We excluded animals that released eggs via rupture at the
vulva, which happened at a very low rate in a few strains (less than 1%). Null
alleles of egl-13 did not lay a single egg during our observations.
Deficiency genetics
We crossed lon-2(e678) egl-13(ku207)/0 males to let-51(s41) unc-22(s7)/
sDf2 hermaphrodites and selected Lon F2 progeny, indicative of lon-2(e678) egl-
13(ku207) homozygotes. We allowed these animals to self-fertilize and kept
only those cultures that failed to segregate Unc F3 progeny, indicating the
selection of the heterozygous deficiency (sDf2/+) rather than the heterozygous
balancer (let-51(s41) unc-22(s7)/+). The self-progeny of these sDf2/+; lon-2
(e678) egl-13( ku207) animals will consist of one-third +/+ ; lon-2(e678) egl-13
(ku207) progeny and two-thirds sDf2/+ ; lon-2(e678) egl-13(ku207) progeny
(sDf2/sDf2; lon-2(e678) egl-13(ku207) animals die as embryos). If the
suppression by sDf2/+ is equivalent to suppression by him-8/+ (normally
12%), we expect approximately 9% of these self-progeny to lay eggs (2/3 × 12%
Egl+ + 1/3 × 2%Egl+ = 9%). Instead, a slightly higher percentage (10.5%,
n = 151) laid eggs, which when calculated as follows gives us the predicted
14.75% for sDf2/+suppression (If 2/3 × true heterozygous suppression % + 1/
3 × 2% leaky egl-13(ku207) egg-laying = 10.5%, then true heterozygous
suppression = 14.75%).glp-1 genetics
We created ruIs38[myo-2∷GFP]/glp-1(q46) unc-32(e189); him-8(e1489);
egl-13(ku207) and ruIs38[myo-2∷GFP]/glp-1(q46) unc-32(e189); egl-13
(ku207) strains. We selected L4 progeny with an uncoordinated, germ-
line-deficient, non-GFP phenotype and examined vulval and uterine
morphology of these animals by differential interference contrast (DIC)
microscopy.
Heterozygous suppression and maternal effect genetics
We created him-8(e1489)/mIs11; egl-13(ku207) to examine morpholog-
ical suppression of him-8(e1489)/+ heterozygotes. From this strain, we
selected him-8(e1489)/mIs11; egl-13(ku207) progeny based on their
fluorescence intensity (mIs11 is detectably brighter when homozygous)
and examined them via DIC microscopy. After examination, the animals
were washed off the slide and recovered individually. As expected, all
were heterozygous (n = 57) for mIs11 and him-8(e1489), as determined by
correct phenotypic segregation of their progeny, confirming the accuracy of
selecting the heterozygotes according to fluorescence intensity. Note that
these heterozygous progeny come from mothers that are also heterozygous
for him-8(e1489).
To examine the maternal requirement of him-8, we used two different mating
schemes to produce him-8(e1489)/+;egl-13(ku207) mutants from mothers that
were either wild type or mutant for him-8. To produce him-8(e1489)
heterozygotes from a wild-type mother, we mated him-8(e1489);mIs10;egl-13
(ku207) males to egl-13(ku207)/lon-2(e678) unc-6(e78) hermaphrodites to
produce him-8(e1489)/+;mIs10/+;egl-13(ku207) animals, as well as him-8
(e1489)/+;mIs10/+;egl-13(ku207)/lon-2(e678) unc-6(e78) animals. Every ani-
mal was scored for Egl, but animals that were not homozygous for egl-13
(ku207) were subtracted from the count after they were revealed by the presence
of Lon Unc progeny. To produce him-8(e1489) heterozygotes from a
homozygous mutant him-8 mother, we mated mIs11;him-5(e1490);egl-13
(ku207)/0 males to him-8(e1489);egl-13(ku207) hermaphrodites, to produce
him-8(e1489)/mIs11;him-5(e1490)/+;egl-13(ku207) hermaphrodite progeny.
Statistical analysis
To determine if differences between populations' egg-laying percentages
are statistically significant, we applied basic principles of proportion analysis,
and used the following equations (Milton, 1992):
L1 ¼ p z½pð1 pÞ=nð1=2Þ and L2 ¼ pþ z½pð1 pÞ=nð1=2Þ;
where z = 1.96 (or 2.086 for n less than 30) for a 95% confidence interval, L1 is
the lower bound and L2 is the upper bound, p is the egg-laying proportion, and n
is the sample size. Error bars in our graphs show 95% confidence intervals.
Overexpression of EGL-13(A335T)
We swapped an ApaI–HindIII fragment from pWH14, which encodes a
functional EGL-13∷GFP translational fusion (Hanna-Rose and Han, 1999) with
a fragment containing a single base pair change at EGL-13 codon 335 (GCA to
ACA) to create pBLN11, encoding EGL-13(A335T). We created the mutated
fragment by recombinant PCR and sequenced the vector after subcloning. We
injected 2 ng/μL pBLN11 into null egl-13(ku194) animals with pTG96[sur-
5∷gfp] (Yochem et al., 1998) at 75 ng/μL to form the transgene psEx38, and
20 ng/μL pBLN11 with pTG96 at 75 ng/μL to form the transgene psEx52. A
control vector encoding a C-terminal deletion of EGL-13 does not rescue (data
not shown).
Semi-quantitative RT-PCR
Total RNA was extracted from whole, mixed stage wild-type and
mutant animals using TRIZOL reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer's instructions. 0.1 μg of total RNA was
used as template for a 30-min cDNA synthesis via SuperScript II RNase
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ase chain reaction (PCR) via Platinum Taq DNA polymerase (both
enzymes from Invitrogen). We visualized PCR products with ultraviolet
light after agarose gel electrophoresis and uniform staining with ethidium
bromide and quantified using an ImageQuant software package. Intron–
exon border-spanning primers to egl-13 and ama-1 (used as an internal
control) (Bird and Riddle, 1989; Johnstone and Barry, 1996; Larminie and
Johnstone, 1996) are as follows:
egl-13 forward primer
5′ TCCACTATCTGGATTTCGGC 3′
egl-13 reverse primer
5′ CGGGATCCGCGGCCGCTTCAGCTGTTTGTAGGAGATGTGA 3′
ama-1 forward primer
5′ TTCCAAGCGCCGCTGCGCATTGTCTC 3′
ama-1 reverse primer
5′ CAGAATTTCCAGCACTCGAGGAGCGGA 3′.Results
To identify genes that act in concert with egl-13 or otherwise
direct the process of uterine seam cell fate maintenance or
anchor cell–uterine seam cell fusion, we performed a screen for
mutants that would restore the egg-laying ability that is lost in
egl-13 mutants. In a pilot screen of 2200 EMS-mutagenized
genomes, we found one suppressor, ku376 (W. Hanna-Rose,
unpublished). While mapping ku376, we serendipitously
discovered that the him-8(e1489) mutation, which we were
using to generate males for crosses, suppressed the egl-13
(ku207) egg-laying defect.
Mutation of him-8 suppresses the Cog and Egl defects of egl-13
(ku207)
In wild-type (N2) animals the anchor cell fuses with the
uterine seam cell and migrates away from the apex of the vulva
leaving the thin uterine seam cell cytoplasm visible as a line at
the apex (Fig. 1A). In contrast, in egl-13mutants, the anchor cell
does not fuse to the uterine seam cell. Instead, it remains at the
apex of the vulva causing a connection of gonad defective (Cog)Fig. 2. Mutations affecting the zinc finger region of him-8 suppress the connection
restored connection-of-gonad percentage of various single (egl-13) or double (him-
background of egl-13mutations as indicated in the vertical text (left) of each data set.
each bar. Sample sizes (n) are indicated at the right.phenotype (Fig. 1B) and resulting in an egg-laying defective
(Egl) phenotype (Hanna-Rose and Han, 1999). Only 6.5% of
egl-13(ku207) animals have a normal vulval–uterine connec-
tion, indicating that ku207 has a strong albeit not fully penetrant
Cog phenotype (Figs. 1 and 2). In contrast, 45% of egl-13
(ku207) animals carrying two copies of the e1489 allele of him-
8 have a normal vulval–uterine connection (Figs. 1C and 2),
signifying that mutation of him-8 can suppress the Cog defect
caused by mutation of egl-13. Morphological suppression
results in a functional suppression as well. Although only 2%
of egl-13(ku207) animals can lay eggs, 26% of him-8(e1489);
egl-13(ku207) double mutants are Egl+ (Fig. 3). It is interesting
that proper morphology is restored to a higher percentage of the
population than is egg-laying function (compare data in Figs. 2
and 3). There may be another subtle or previously undetected
egl-13 defect that contributes to a failure to lay eggs in some
portion of animals that have regained normal morphology by
executing anchor cell–uterine seam cell fusion.
To confirm that him-8(e1489) as opposed to a second
mutation in the strain was indeed responsible for the egl-13
suppression, we mapped the Egl suppressor activity to linkage
group IV, narrowing the suppressor to the region corresponding
to the location of the him-8 gene, between dpy-20 and unc-24
(data not shown), and confirmed that additional him-8 alleles
suppress egl-13 mutants (below).
Multiple alleles of him-8 suppress incompletely penetrant
alleles of egl-13
We tested various allelic combinations of him-8 and egl-13 to
determine if multiple him-8 alleles could suppress multiple
alleles of egl-13 and to gain insight into the mechanism of
suppression. The egl-13 alleles ku207 and n483 cause missense
mutations (A335T and P394L, respectively) at conserved
residues within the Sox domain (Cinar et al., 2003; Hanna-
Rose and Han, 1999). ku207 has a highly penetrant Egl
phenotype as noted above, while n483 is somewhat weaker;
24% of egl-13(n483) mutants lay eggs (Fig. 3). In contrast,-of-gonad (Cog) defect of non-null alleles of egl-13. Histogram illustrating the
8; egl-13) mutants. “+” indicates a wild-type chromosome. Mutants are in the
Error bars represent 95% confidence intervals. Actual percentage is cited within
Fig. 3. Mutations affecting the zinc finger region of him-8 suppress the egg-laying (Egl) defect of non-null alleles of egl-13. Histogram illustrating the egg-laying
percentage of various single (egl-13) or double (him-8; egl-13) mutants. “+” indicates a wild-type chromosome. Mutants are in the background of egl-13mutations as
indicated in the vertical text (left) of each data set. Error bars represent 95% confidence intervals. Actual percentage is cited within each bar. Sample sizes (n) are
indicated at the right.
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completely penetrant for the Egl defect; 0% of animals in
either population can lay eggs (n > 100 for both alleles). ku241
is a splice-site mutation between the fifth and sixth exons of egl-
13, prior to the Sox domain, and ku194 is a nonsense mutation
within the sixth exon, also upstream of the Sox domain (Hanna-
Rose and Han, 1999).
There are multiple alleles of the him-8 gene, which
encodes a protein containing two C2H2 zinc fingers in
tandem near the C-terminus (Phillips et al., 2005). The e1489
allele of him-8 results in a C281Y substitution in the second
conserved cysteine of the second zinc finger (Phillips et al.,
2005). tm611 is a deletion allele that removes 52 internal
amino acids toward the C-terminus, disrupting the second
zinc finger (Phillips et al., 2005). mn253 results in a G259R
substitution within the first zinc finger (Phillips et al., 2005),
and the me4 allele contains a missense mutation much closer
to the N-terminus (S85F) and outside of either zinc finger
(Phillips et al., 2005).
We tested all four him-8 alleles for suppression of the Cog
and Egl defects of egl-13 mutants. Like e1489, tm611 and
mn253 also suppressed the Cog (Fig. 2) and Egl (Fig. 3) defects
of egl-13(ku207). e1489, tm611, and mn253 also suppress egl-
13(n483) (Figs. 2 and 3). In contrast, me4 does not suppress
either allele of egl-13 (Figs. 2 and 3). Although all four him-
8 alleles have a similarly penetrant Him phenotype (Broverman
and Meneely, 1994; Phillips et al., 2005), they exhibit variance
with regard to the strength of suppression. e1489 and tm611 are
more potent suppressors than mn253, while me4 does not
suppress at all (Figs. 2 and 3). As with the him-8(e1489);egl-13
(ku207) strain, suppression of the underlying Cog morphology
defect by him-8 mutants is consistently more effective than the
functional suppression of the Egl defect.
We also assayed egg-laying percentages for him-8 mutant
combinations with the putative null alleles of egl-13, ku194
and ku241, and found that they could not be suppressed. Egg-
laying percentages were still 0% for both the him-8(e1489);
egl-13(ku194) and him-8(mn253);egl-13(ku194) strains(n = 63 and 64, respectively), as well as for him-8(e1489);
egl-13(ku241) and him-8(mn253);egl-13(ku241) (n = 58 and
114, respectively).
Because him-8 mutations do not suppress presumptive egl-
13 nulls, we conclude that the suppression induced by
mutation of him-8 is unlikely to act by bypassing the
requirement for EGL-13 protein. Some amount of albeit less
functional EGL-13 protein might be required for suppression
to be effective. RNAi experiments confirm this conclusion.
RNAi of egl-13 eliminates suppression in a him-8(e1489);
egl-13(ku207) strain, reducing the percentage of animals that
lay eggs from the suppressed level of 26% Egl+ to 0% Egl+
(n = 41), reiterating the inability to suppress a null-like allele.
Thus, him-8 is likely to act upstream of or in parallel to EGL-
13 protein.
Suppression by him-8(e1489) is semi-dominant due to
haplo-insufficiency of the him-8 locus
Suppression of egl-13 was first characterized in a
homozygous him-8(e1489); egl-13(ku207) strain. Although
him-8(e1489) has a fully recessive Him phenotype (Brover-
man and Meneely, 1994), we tested whether heterozygosity at
the him-8 locus could suppress egl-13. Suppression of the
Cog (Fig. 4) and Egl (Fig. 5) defects of egl-13(ku207) by
him-8(e1489)/+ is roughly half that of him-8(e1489)/him-8
(e1489), suggesting a genetic model of semi-dominance in
which each additional gene copy has an equal effect. To
determine if the semi-dominant suppression by him-8(e1489)
was due to haplo-insufficiency, we used a deficiency (sDf2)
that includes the him-8 locus (Hodgkin, 1983). Animals
heterozygous for the deficiency (sDf2/+) suppressed egl-13
(ku207) functional egg-laying activity at a level similar to that
of him-8(e1489)/+, and him-8(e1489)/sDf2;egl-13(ku207)
mutants were suppressed at a level similar to homozygous
him-8(e1489);egl-13(ku207) (Fig. 5). Therefore, we conclude
that the semi-dominant suppression by him-8(e1489) is due to
haplo-insufficiency at the him-8 locus and that him-8(e1489)
Fig. 4. him-8(e1489) is a semi-dominant suppressor of the egl-13 Cog defect and suppression is unaffected by loss of the germline. Histogram illustrating the restored
connection-of-gonad percentage of various single (egl-13) or double (him-8; egl-13) mutants. him-8(e1489)/+ mutants examined here are from him-8(e1489)/+
mothers. “+” indicates a wild-type chromosome. Error bars represent 95% confidence intervals. Actual percentage is cited within each bar. Sample sizes (n) are
indicated at the right.
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him-8 is antagonistic to that of egl-13.
Suppression of egl-13 defects is unique to him-8 among many
him mutants
To begin to decipher the molecular mechanism of him-
8 suppression, we wanted to determine if suppression is a
broader characteristic of genes with a Him phenotype, perhaps
as a result of meiotic non-disjunction, or if suppression is
limited to mutations in him-8. Therefore, we tested additional
him genes for suppression. We specifically chose to test him-1
and him-5 because of their phenotypic similarity to him-8,
especially with regard to their affects on the X chromosome
(Broverman and Meneely, 1994), but we also examined him-3,
him-6, and him-10. We found that mutations in none of these
five genes [him-1(e879), him-3(e1256), him-5(e1490), him-6
(ok412), and him-10(e1511)] suppress the Cog (Fig. 6) or Egl
defects (not shown) of egl-13(ku207) or egl-13(n483) mutants.Fig. 5. him-8(e1489) is a semi-dominant suppressor of the egl-13 egg-laying defec
8 genotype. Histogram illustrating the egg-laying percentage of various single (egl-13
bars represent 95% confidence intervals. Actual percentage is cited within each bar
animals calculated as described in Materials and methods.egl-13(ku207) mutants lacking a functional germ line can still
be suppressed by him-8(e1489)
Because him-8 has known effects on chromosome segrega-
tion during meiosis, we wanted to determine if suppression of
the somatic gonad morphological defect was an indirect effect of
loss of him-8 in meiotic germ line cells or if suppression reflected
a new role for him-8 outside of meiosis. To begin to explore these
distinct hypotheses, we assayed suppression in a mutant that
lacks the germ line and, thus, lacks meiotic cells. glp-1(q46) is a
severe loss-of-function allele (Kodoyianni et al., 1992) that
inhibits production of a germ line by blocking proliferation of
the germ line stem cells (Austin and Kimble, 1987). As a result,
the few germ cells produced in early larval stages undergo
meiosis and form sperm at the beginning of the third larval stage.
In glp-1 mutants during late L3 and L4 larval stages, the period
of vulval and uterine morphogenesis, there are no meiotic cells
present. In contrast, wild type animals have a large number of
meiotic cells present during all of L3 and throughout the rest oft due to haplo-insufficiency and suppression is independent of maternal him-
) or double (him-8; egl-13) mutants. "+" indicates a wild-type chromosome. Error
. Sample sizes (n) are indicated at the right. *Percentage of sDf2/+ egg-laying
Fig. 6. Survey of him genes for suppression of egl-13. Histogram showing the percentage suppression of the egl-13 connection-of-morphology defect in double
mutants between either egl-13(ku207) or egl-13(n483) and alleles of him-1, him-3, him-5, him-6, and him-10. Error bars represent 95% confidence intervals. Actual
percentage is cited within each bar. Sample sizes (n) are indicated at the right.
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1(q46); him-8(e1489); egl-13(ku207) animals to assay suppres-
sion in the absence of meiotic cells. We cannot assay egg-laying
in these germ line-defective, sterile mutants, but we directly
examined morphology of the vulval–uterine connection com-
pared to a control glp-1(q46); egl-13(ku207) strain to see if the
him-8mutation was still able to partially suppress the Cog defect
of egl-13(ku207) in the absence of the germ line. The presence of
him-8(e1489) significantly increased the incidence of normal
morphology relative to the control glp-1; egl-13(ku207) strain
(Figs. 1D and 4). Furthermore, suppression of the Cog
phenotype by him-8(e1489) was just as effective in the absence
of the germ line as it was in the presence of the germ line (Fig. 4).
These data clearly indicate that a severe reduction in the germ
cell population, where him-8 is thought to function in promoting
proper chromosome segregation, does not prevent suppression
of egl-13(ku207) by him-8(e1489), demonstrating a likely role
for him-8 outside of coexisting meiotic cells in antagonizing egl-
13 function.
Suppression by him-8(e1489) does not depend on the genotype
of the mother
We also addressed the question of whether the suppression
phenotype was a consequence of unpaired X chromosomes
during the meiotic events in the hermaphrodite that gives rise to
the suppressed animals. We took advantage of the semi-
dominant nature of the suppression phenotype but the fully
recessive nature of the meiotic phenotype to address this
question. In wild type or him-8(e1489)/+ hermaphrodites, the X
chromosomes pair appropriately and no male self-progeny are
produced. However, him-8(e1489) homozygous hermaphro-
dites have X-chromosome pairing defects, leading to a high
percentage of nullo-X gametes and a high percentage of male
self-progeny (Him phenotype). If X chromosome pairing
defects were related to suppression, only homozygous him-8
(e1489) hermaphrodites should give rise to suppressed animals.
In contrast, we assayed suppression by Egl percentage in him-8
(e1489)/+ progeny segregating from +/+; him-8(e1489)/+ andhim-8(e1489)/him-8(e1489) hermaphrodites and found no
differences; all were suppressed to similar degrees (Fig. 5).
Thus, abnormal X chromosome pairing does not correlate with
suppression, and we suggest that him-8 has a previously
undetected function outside of meiosis.
him-8 does not suppress the egg-laying defects of lin-11
Mutation of lin-11 results in a uterine seam cell defect,
similar to mutation of egl-13, and a vulval cell fate defect,
which could each contribute to its Egl phenotype (Freyd et al.,
1990; Newman et al., 1999). To determine if mutation of him-
8 could suppress other mutants with uterine seam cell defects,
we asked whether him-8 could suppress a non-null mutation in
lin-11. ps1 is an allele of lin-11 with an incompletely penetrant
π lineage defect (L. Huang and W. Hanna-Rose, unpublished)
and it is not predicted to be a molecular null. ps1 would result
in a missense mutation (V286M) with a possible affect on
splicing, since codon 286 overlaps a splice acceptor/donor site
(K. Clemens and W. Hanna-Rose, unpublished). lin-11(ps1);
him-8(e1489) animals have no increase in egg-laying ability
(0%) relative to lin-11(ps1) (0%), indicating that at least one of
the lin-11 defects remains unsuppressed. We specifically scored
morphology of the vulval–uterine connection to look for
suppression of the π lineage defect. We observed a normal thin
uterine seam cell in 33% (n = 27) of lin-11(ps1) animals and in
17% (n = 24) of lin-11(ps1); him-8(e1489) animals. Thus, we
conclude that the uterine defects of lin-11(ps1) are not
suppressed by him-8. This observation supports our hypothesis
that mutations in him-8 do not somehow bypass the need for
the processes involved in π lineage cell fate maintenance, and
in particular, lin-11 or egl-13.
Mutant EGL-13 expressed from an extrachromosomal
transgene can rescue an egl-13 null, but rescue is not enhanced
by him-8(e1489)
Because egl-13 is encoded on the X chromosome, to which
HIM-8 binds (Phillips et al., 2005), we wanted to test an
Fig. 7. EGL-13(A335T) expressed from an extrachromosomal transgene can rescue null egl-13(ku194), but rescue is not enhanced by him-8(e1489). Histogram
showing the egg-laying percentage for various genotypes, all in a null egl-13(ku194) background. psEx38[2 ng/μL EGL-13(A335T) vector] and psEx52[20 ng/μL
EGL-13(A335T) vector] increase egg-laying percentage to 6% and 44%, respectively. The presence of him-8(e1489) does not significantly enhance the egg-laying
percentage of psEx38;egl-13(ku194). Error bars represent 95% confidence intervals. Actual percentage is cited within each bar. Sample sizes (n) are indicated at the
right.
Fig. 8. Semi-quantitative RT-PCR to detect egl-13 transcript levels. RNA
template isolated from wild-type (WT) and mutant animals was treated with (+)
or without (−) reverse transcriptase (RT) and then amplified by PCR. In order to
normalize our transcript detection by RT-PCR, we used the RNA polymerase II
gene ama-1 as an internal control in these experiments (Bird and Riddle, 1989;
Johnstone and Barry, 1996; Larminie and Johnstone, 1996). The 597 base pair
product amplified from egl-13 cDNA template and the 355 base pair product
amplified from ama-1 cDNA template are indicated. This figure shows a
representative experiment using 0.1 μg of template RNA and 25 cycles of
amplification. These amplification conditions were well below those for
producing a saturating amount of product because ten times more RNA template
(1.0 μg) and seven more cycles (32 total) still resulted in less product than 1.0 μg
of template amplified for 36 cycles (not shown). This exact experiment was
performed twice with similar results. The values listed at the bottom are the
average ratios for both experiments of egl-13 to ama-1 transcript normalized to
the wild type ratio, which was given a value of 1. A number of other
experimental reactions under a variety of conditions failed to ever detect
differences in egl-13 transcript levels among wild type, him-8(e1489), egl-13
(ku207) and him-8(e1489);egl-13(ku207) populations.
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suppress only non-null egl-13 mutants: that mutation of him-
8 leads to upregulation of EGL-13 and a higher level of partially
functional protein leads to higher activity. To simulate this
scenario we attempted to express different levels of EGL-13
(A335T), which is encoded by egl-13(ku207), in an egl-13 null
background. We injected a vector encoding egl-13(ku207) into
egl-13(ku194) at 2 ng/μL to create a transgene for low-level
overexpression (psEx38) and at 20 ng/μL to create a transgene
with a higher level of overexpression (psEx52). Indeed, as
predicted by this model psEx38 provided a low level of egg-
laying activity to the null and resulted in an Egl phenotype
similar to egl-13(ku207). Furthermore, psEx52 provided
significantly more egg laying activity, and resulted in an Egl
phenotype similar to suppressed animals (Fig. 7). These data
demonstrate that an upregulation model is plausible. Interest-
ingly, him-8(e1489) is unable to suppress the low level of egg-
laying activity provided by the extrachromosomal transgene
psEx38 (Fig. 7). Thus, it appears that the chromosomal context
of the egl-13 gene, and perhaps its specific context on the X
chromosome, is important to the mechanism of him-8 suppres-
sion function.
Upregulation of egl-13 transcript by him-8(e1489) cannot be
detected via semi-quantitative RT-PCR
If mutations in him-8 lead to an upregulation of egl-13
transcript, we expect to be able to detect these differences. We
used a semi-quantitative RT-PCR approach to approximate egl-
13 transcript levels in wild-type, mutant, and suppressed mutant
strains to test for upregulation of transcript. Although we were
able to clearly detect increased message in a strain with an
integrated transgene, kuIs27[20 ng/μL egl-13(wt) vector], we
could detect no significant difference in global egl-13 transcript
levels among wild-type, mutant (ku207), and suppressed
populations (e1489; ku207) in duplicate experiments (Fig. 8).
Caveats regarding this experiment are discussed below.Extra copies of the egl-13 promoter antagonize suppression by
him-8(e1489)
The integrated transgene kuIs29 contains multiple copies of a
transcriptional fusion of the egl-13 promoter (5000 base pairs
upstream of the egl-13 coding region and the first nineteen egl-
13 codons) to green fluorescent protein (GFP) (Hanna-Rose and
Han, 1999). In the presence of the homozygous kuIs29
transgene, him-8(e1489) suppression of egl-13(ku207) is
blocked., i.e., him-8(e1489); kuIs29; egl-13(ku207) is 0%
Egl+ (n = 100). In him-8(e1489); kuIs29/+; egl-13(ku207)
animals, where only half the amount of additional egl-13
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8 is weakened (8%, n = 26), but not completely abrogated. The
low-level egg-laying ability (2% Egl+) of egl-13(ku207)
animals is also eliminated in the presence of extra copies of
the egl-13 promoter on the kuIs29 transgene. Introduction of
other arrays containing the same transcriptional egl-13∷gfp
fusion can weakly phenocopy an egl-13 mutant; that is, a small
portion of otherwise wild-type animals expressing similar
arrays have an Egl phenotype (W. Hanna-Rose, unpublished).
We considered two mechanisms that would fit this observation:
The egl-13 promoter may be capable of titrating the EGL-13
protein itself, effectively phenocopying a null allele. Alterna-
tively, the array with extra copies of the promoter may titrate a
factor necessary for egl-13 expression. Either mechanism would
result in an effective egl-13 null and, thus, prevent suppression
by him-8(e1489). We attempted to test the model that kuIs29
might titrate a factor or factors necessary for egl-13 expression
via our PCR assay (above). However, the egl-13 transcript level
in a transgenic (kuIs29) strain containing extra copies of egl-13
promoter was not detectably lower than in wild-type animals, as
would be predicted if the promoter titrated a positive regulator
of egl-13 transcription.
Discussion
We identified several him-8mutations as suppressors of non-
null mutations of egl-13. Specifically, mutation of the C2H2
zinc fingers of him-8 partially restores morphogenesis of the
vulval-uterine connection in egl-13 mutants, suggesting that
uterine seam cell fate maintenance or at least the competency of
the uterine seam cell to fuse with the anchor cell is re-
established. Consequently, egg-laying ability is also partially
restored. Interestingly, the percentage of animals with restored
morphology is higher than the percentage with restored egg-
laying function. The discrepancy may reflect the existence of
another defect in the morphogenesis or the function of the egg-
laying apparatus that contributes to the egg-laying defect. This
additional defect could be caused by either the egl-13 or him-
8 mutation. However, mutation of him-8 alone has no obvious
vulval or uterine morphology defect or Egl defect; thus, we
suggest that a second, previously undetected defect affecting
egg-laying may result from mutation of egl-13.
Our genetic dissection of the suppression mechanism has
helped to refine potential molecular models. egl-13(ku207) and
egl-13(n483) have mutations within the Sox domain, which is
responsible for DNA-binding, and the coupled incomplete
penetrance of the Egl phenotype is likely due to weak binding of
the Sox domain to its target. Because suppression is specific for
these non-null alleles of egl-13, we hypothesize that mutation of
him-8 is not acting as a bypass suppressor; some amount of
mutant EGL-13 protein must be present in order for the defects
to be suppressed. him-8(e1489) is also unable to suppress a non-
null allele of lin-11, which further supports the hypothesis that
we have not identified a bypass suppressor that restores function
downstream of uterine seam cell fate determination, but rather a
suppressor that affects a process upstream of or in parallel to
egl-13 function.him-8 function in suppressing abnormal uterine morphogenesis
is independent of its role in meiosis
him-8 has a well-studied role in meiosis (Broverman and
Meneely, 1994; Phillips et al., 2005), where it is required for
efficient pairing of the X chromosomes (Phillips et al., 2005).
HIM-8 binds to the pairing center of the X chromosome and
localizes to the nuclear periphery (Phillips et al., 2005). To
determine if suppression of somatic gonad defects is an indirect
result of compromising the function of him-8 in meiotic cells,
we performed two experiments. First, we showed that him-
8 mutations suppress the egl-13(ku207) defects in animals that
have a severe reduction in the number of meiotic cells,
suggesting that the germ line of an animal plays no role in
suppression of somatic gonad morphogenesis defects in the
same animal. Second, we showed that him-8(e1489) suppresses
egl-13(ku207) independently of whether him-8-mediated X-
chromosome pairing was compromised in the germ line of the
mother giving rise to the suppressed animals, suggesting that an
indirect, post-meiotic effect of him-8 meiotic function is not
responsible for suppression. Based on these results, we
conclude that him-8 likely functions outside of meiosis to
antagonize EGL-13. Phillips et al. recently determined the
molecular identity of him-8 and examined its expression in
dissected gonads via antibodies (Phillips et al., 2005), but no
information is available about expression outside the gonad.
Consistent with the proposal that him-8 has a meiotic and a
non-meiotic function, him-8 alleles display a different set of
genetic behaviors when comparing the Him and suppression
phenotypes. All four alleles examined here have a similarly
penetrant (almost 40%), fully recessive Him phenotype
(Broverman and Meneely, 1994; Phillips et al., 2005, B.
Nelms, unpublished). In contrast, me4 does not suppress, and
mn253 is a consistently weaker suppressor than tm611 or e1489.
Furthermore, e1489 behaves as a semi-dominant egl-13
suppressor. Since e1489 behaves similarly to a deletion, we
conclude that semi-dominance is due to haplo-insufficiency for
the non-meiotic function, that e1489 is a reduction-of-function
allele and that the wild-type him-8 gene product acts
antagonistically to EGL-13.
Not all aspects of him-8 activity are shared between its
suppression and meiotic functions
Phenotypic differences between the him-8 alleles hint at a
two-step process for him-8 function. Mutation of either HIM-
8 C2H2 zinc finger, such as in mutants e1489, tm611 and
mn253, leads to loss of chromosome binding and loss of
chromosome association with the nuclear envelope in the first
step (Phillips et al., 2005). Mutation of the zinc fingers is also
associated with suppression. Thus, the zinc fingers of HIM-
8 are important for both HIM-8 functions, and chromosome
binding is likely important for HIM-8 function in suppression of
egl-13 mutant defects. The stronger suppression phenotypes of
e1489 and tm611 relative to mn253 suggest that the more C-
terminal zinc finger plays a slightly more prominent role in the
mechanism of him-8 function during suppression of egl-13
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HIM-8 but not the zinc fingers. me4 produces protein that binds
the chromosome. Furthermore, the chromosome still associates
with the nuclear periphery in the me4 mutants, but me4 mutants
are nonetheless defective in X chromosome pairing (Phillips et
al., 2005), a second step of him-8 meiotic function. Thus, an N-
terminal mediated function of HIM-8 is required for meiosis but
dispensable for suppression since the non-null me4 alleles
retains wild type activity in the suppression assay (fails to
suppress).
him-1 (Mito et al., 2003) and him-5 (Broverman and
Meneely, 1994; Goldstein, 1986), like him-8, affect disjunction
of only the X chromosome. Furthermore, him-5mutants display
a polar reduction in X-chromosome recombination similar to
that of him-8 (Broverman and Meneely, 1994). These him genes
may share functions in the second step of the meiotic process
executed by him-8, but they do not share in the suppression
phenotype. A wide array of genes have him phenotypes; they
encode proteins including kinesins, cohesins, kinetochore
proteins, synaptonemal complex proteins and gene products
of unknown function (Kamath et al., 2003; Oishi et al., 2001;
Pasierbek et al., 2001; Piano et al., 2002), and they have
molecular roles in a variety of processes including recombina-
tion, pairing and segregation. Mutations in many him genes,
including him-3 (Zetka et al., 1999), him-6 (Wicky et al., 2004)
and him-10 (Howe et al., 2001), cause nondisjunction of all
chromosomes and those tested here do not suppress egl-13
mutants. In addition, it is worth noting that the egl-13
suppressor that we originally isolated, ku376, does not have a
Him phenotype (B. Nelms, unpublished), further evidence that
meiotic disjunction activity and suppression are not necessarily
intertwined.
Mutation of him-8 may lead to an increase in effective egl-13
activity
Conceivably, suppression could be due either to increased
levels of EGL-13 or enhanced effective activity of EGL-13. One
possible role for normal HIM-8 could be to directly or indirectly
repress transcription of egl-13. Because egl-13 is encoded on
the X chromosome, it might be sensitive to some X-specific
function of him-8. A reduction-of-function mutation in him-
8 could alleviate repression of egl-13(ku207) and lead to a larger
pool of albeit less functional EGL-13(A335T) protein. With an
increase in the available pool of mutant EGL-13, more of the
altered transcription factor could find and/or interact with its
target(s), leading to partial rescue of the mutant phenotype. Null
mutants that produce no protein would not be affected by de-
repression. We attempted to address this hypothesis in two
ways. First, we simulated upregulation of mutant protein by
expressing either low or high levels of EGL-13(A335T) from
extrachromosomal arrays. We found that a small amount of
EGL-13(A335T) provided some activity in a null egl-13mutant
and a higher amount provided more activity, demonstrating the
plausibility of an upregulation model. We also tested for such
upregulation of egl-13 transcription using RT-PCR. We did not
observe increased transcript levels in suppressed strains (Fig. 8)even though we could detect an increase in animals carrying an
integrated egl-13 transgene. However, there are a few caveats to
consider with this RT-PCR approach. We observed no global
upregulation in whole animals but limitations of the model
system prevent us from examining transcript levels specifically
in the π cells using RT-PCR. Furthermore, this PCR approach
does not allow us to differentiate between various egl-13
transcripts (see www.wormbase.org), some of which could be
regulated preferentially. Thus, although we were unable to
detect higher levels of transcript, this experiment does not rule
out the model that mutation of him-8 results in higher levels of
egl-13 transcript.
An alternative explanation to account for suppression of non-
null alleles is that him-8 could upregulate EGL-13 post-
translationally. We do not detect upregulation of an EGL-
13∷GFP translational fusion protein in response to mutation of
him-8 (data not shown), and we would not expect differential
post-translational regulation of EGL-13 expressed from an
extrachromosomal transgene versus the chromosome, so we do
not favor this scenario. A third potential model for him-
8 function in suppression is that mutation of him-8 may affect
chromosome structure directly or indirectly and thus promote
access of mutant EGL-13(A335T) protein to its targets, possibly
without affecting egl-13 expression levels. There is certainly
evidence for chromatin silencing occurring at the nuclear
periphery (Andrulis et al., 1998; Cockell and Gasser, 1999;
Feuerbach et al., 2002). If mutant HIM-8 prevents association of
the X chromosome with the nuclear envelope, normally silenced
targets might then be more accessible to transcription factors
such as EGL-13, allowing upregulation of factors needed for
uterine seam cell fate maintenance. Our result that the egg-laying
activity provided by EGL-13(A335T) expressed from an
extrachromosomal transgene cannot be enhanced by him-8
(e1489) points towards a role for the chromosomal context of
egl-13 and perhaps in the direction of the location of egl-13 on
the X chromosome as the most important factor. This result
allows us to argue against a model that invokes promotion of
EGL-13 access to its targets. We are continuing to investigate
our predictions based on the proposed models and expect these
results to contribute to elucidation of the possible role of him-8 in
somatic cells and morphogenesis as well as meiosis.
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